A new tin doped ceria nanoparticle modified glassy carbon paste electrode (Sn-CeO 2 NPs/GCPE) was fabricated for the determination of the anticancer drug dacarbazine (DTIC). The Sn-CeO 2 nanoparticles with Sn concentrations from 0 to 10 wt% were synthesized by sol gel method. Sn doped CeO 2 nanoparticles were characterized by X-ray diffraction, energy-dispersed X-ray spectrometry (EDS) and transmission electron microscopy (TEM). Cyclic voltammetry (CV) and square wave voltammetry (SWV) were applied to investigate the unique properties of the Sn-CeO 2 NPs/GCPE. The modified electrode showed an excellent character for electrocatalytic oxidization of DTIC, while the bare GCPE electrode only gave a small oxidation peak. The fabricated sensor showed an excellent anti-interference ability against electroactive species and metal ions. This modified electrode was used as a sensor for determination of DTIC in human biological fluids and in pharmaceutical samples with satisfactory results.
Introduction
The detection and quantication of electrochemically active compounds such as the anticancer drug dacarbazine in biological uids like blood and urine are important to diagnose and monitor several diseases, besides supplying information about the interactions involving these species in the physiological processes. Dacarbazine [5-(3,3- dimethyl-l-triazenyl)imidazole-4-carboxamide] (DTIC) (Scheme 1) is an important antitumor agent with a proven activity and selectivity against various types of malignant diseases, such as so tissue sarcoma and lung carcinoma. It has also been used in combination with other medications for treating Hodgkin's lymphoma.
l,2 Dacarbazine is a member of the class of alkylating agents, which destroy cancer cells by adding an alkyl group to their DNA. The widespread use of dacarbazine and the need for clinical and pharmaceutical studies require fast and sensitive analytical techniques to determine this drug in a variety of biological uids and in quality control.
3,4
Several time consuming and expensive techniques for detection of DTIC have been studied and reported, which include chromatography [5] [6] [7] and spectrometry. 8 One of the broadly exercised simple, swi, and exact methods is electrochemical method. There are few reported electrochemical methods, have been applied for the determination of DTIC.
9-11
Among all the above, electrochemical methods have shown remarkable advantages in the analysis of drugs in pharmaceutical preparations and human body uids. These advantages are mainly due to the simplicity, low cost and relatively short analysis times of these compounds as compared to the other routine analytical techniques including chromatography.
12,13
Further handling this technique requires a knowledge regarding the working electrode, where the electrode reactions are centered. Relatively a newly adopted method for the improvement of analyte and surface interaction is the modi-cation of the electrode surface. For the modication of electrode surface, varieties of methods are used which include, nanoparticle incorporation on the surface of the electrode. Unique characters and vast potential application in nanodevice fabrication nanomaterials have engrossed, broad notice.
Nanostructured metal oxides such as ZnO, Fe 3 O 4 , SnO 2 , CeO 2 , In 2 O 3 and others have recently aroused much interest as immobilizing matrices for chemo-biosensor development due to their interesting nanomorphological, functional, biocompatible and catalytic properties. [17] [18] [19] [20] Further chemical doping with appropriate elements (Fe, Cr, Co, Mn, Ni, etc.) is widely used as an effective method to tune surface states, energy levels of semiconductors and transport performance of carriers, and enhance the electrical, electrochemical and magnetic properties of materials. [21] [22] [23] [24] [25] [26] [27] Among these, the design of CeO 2 nanomaterials with controlled morphologies is of special interest due to their favorable shape-dependent properties. [28] [29] [30] Different strategies are adopted to improve the physico-chemical properties and morphology of the nanostructured CeO 2 in order to achieve high sensitivity and selectivity. Recently, metal-doped ceria nanomaterials have been widely considered to promote the active oxygen content on ceric oxide nanoparticles (CeO 2 -NPs) surface by changing the surface element composition, because such materials ultimately reveal strikingly high catalytic activity.
31 Chemical doping into CeO 2 matrix with appropriate dopants (B or In) at Ce 4+ site is proved to be highly effective for chemo-biosensing applications. 32, 33 The added active elements stabilize the CeO 2 surface, and promote a decrease in grain size which enhances higher catalytic activity and sensor response than that of pure CeO 2 . Hence in this work, a novel Sn-CeO 2 NPs modied glassy carbon microspheres paste electrode (Sn-CeO 2 NPs/GCPE) was prepared and applied for selective and sensitive electrochemical determination of DTIC without physiological interferents. 
Experimental
where K is the shape factor whose value is taken as 0.89, l is the wavelength of Cu, Ka radiation, and b is the corrected full width at half maximum (FWHM) of the diffraction peak and q is the diffracting angle.
Electrode preparation and modication
The unmodied glassy carbon paste electrode (GCPE) was prepared with the composition of 75 : 25 (glassy carbon powder : paraffin oil) using a mortar and pestle and allowed to undergo self-homogenization. The paste was packed rmly into the cavity of a Teon tube (3 mm diameter) to a depth of 6 mm, and an electrical contact was achieved via a copper wire. The surface of the resulting paste electrode was smoothed and rinsed carefully with double distilled water. The undoped CeO 2 NPs/GCPE was prepared by mixing the optimal amount of glassy carbon powder, paraffin oil and CeO 2 NPs (75 : 15 : 10 w/ w). The modied Sn-CeO 2 NPs/GCPE was fabricated by mixing of (75 : 15 : 10 w/w) ratio of glassy carbon/paraffin oil/SnCeO 2 NPs. Whenever necessary a new surface was obtained by pushing out an excess of paste and polish it on paper. Therefore the main advantages of the newly fabricated electrode are that the technique for its preparation is simple and require only short periods of time. In addition, the prepared modied electrode is renewable and low in cost compared to the literature methods. Nevertheless the materials for fabrication of the modied electrode are cheap and commercially available.
Preparation and analysis of real samples
Human serum and urine samples were obtained from healthy volunteers at the Hospital of Assiut University and stored in refrigerator immediately aer collection before used. Ten milliliters of the urine sample was centrifuged for 30 min at 3000 rpm. The supernatant was ltered out using 0.45 mm Millipore lter and then diluted 50 times with PBS of pH 4. The solution was transferred into the voltammetric cell to be analyzed without any further pretreatment. One milliliter of the serum sample was treated with 5 mL of methanol and centrifuged at 4000 rpm for 20 min to remove the precipitating materials. Aerwards the separated serum was attenuated 10-fold with pH 4.0 phosphate buffer solutions. Then, 2.0 mL of this test solution was transferred into the electrochemical cell to determine DTIC by SWV method. Dacarbazine vial labelled to contain 200 mg DTIC per vial was used as samples. The composition of the investigated DTIC vial was dacarbazine (42%), mannitol (16%) and citric acid monohydrate (42%). A weight portion of the powder content equivalent to 1 Â 10 À3 M of DTIC was transferred into a 25 mL calibrated ask and lled to the volume with ultrapure water and stored in dark at 4 C. SWV measurements were performed using the standard addition method.
Results and discussion

XRD, EDS and TEM analysis of CeO 2 NPs and Sn-doped CeO 2 NPs
The structural properties of the undoped CeO 2 and Sn (5 wt%) doped CeO 2 nanoparticles were investigated by powder XRD method (Fig. 1A) . It is clear that the diffraction peaks of all the samples correspond to the (111), (200), (220) and (311) and 5 wt% Sn doped CeO 2 nanoparticles, respectively, suggesting that the grain growth is suppressed due to doping of Sn into Ce-site.
To assess the elemental composition of Sn-CeO 2 , the EDS analysis was done and the result is shown in Fig. 1B . In EDS spectrum, numerous well-dened peaks were evident related to Sn, O and Ce which clearly support that the existence of Sn ions in doped sample and conrmed the successful doping of Sn in CeO 2 . The obtained results are in good agreement with XRD.
The TEM image of 5% Sn doped CeO 2 was shown in Fig. 1C . The morphology of the Sn doped CeO 2 nanoparticles was uniform with well-distributed elliptical/spherical particles with average particle size of about 17.23 nm, which is consistent with the results obtained from XRD. Most of the nanoparticles were well separated, although some of them partially aggregated. Therefore, the particle size of the samples obtained from TEM pattern was quite similar to those calculated from Scherrer's equation. Fig. 2 compares the morphological features of GCPE and 5% Sn-CeO 2 NPs/GCPE using SEM. Signicant differences in the surface structure of two electrodes were observed. The SEM prole of GCPE ( Fig. 2A ) was characterized by a surface of nonporous spherically shaped glassy carbon powder. Despite the presence of the mineral oil, the glassy carbon microspheres were packed in close proximity, and no dened binder regions were visible. Apparently, the oil lls the voids between the GC spheres, while holding them together. The glassy carbon microspheres clearly decorated with Sn-CeO 2 NPs. Besides the close packing arrangement of glassy carbon microspheres, a mass of Sn-CeO 2 NPs was lled in the gaps among the microspheres (Fig. 2B ).
Morphological characterization of 5% Sn-CeO 2 NPs/ GCPE
Electrochemical activities of modied electrodes
Electrochemical properties of modied electrodes were investigated using [Fe(CN) 6 ] 3À/4À as redox probes by cyclic voltammetry (Fig. 3) Table 1 ). The undoped CeO 2 NPs modied GCPEs showed larger DE P value compared to that of the 5 wt% and 10 wt% Sn doped CeO 2 NPs modied GCPEs. The large peak separation was assumed to result from the lower electrical conductivity. Furthermore, the peak current intensity at 5 wt% Sn-CeO 2 -NPs/GCPE was enhanced and increased 2 times higher than that at bare GCPE indicating its improved electrochemical performance due to the Sn doping. The observed enhancement in the charge transport characteristic of 5 wt% Sn-CeO 2 NPs is in agreement with the proposal that the doping induced oxygen vacancy plays an important role in the charge transport behavior of CeO 2 NPs. The obtained results indicated that the 5 wt% Sn doping into CeO 2 is the saturation point, and it is facilitating the charge transport between the modied electrode surface and redox couple. The observed decrement in DE P and Fig. 2 SEM images of (A) GCPE and (B) 5% Sn doped CeO 2 NPs/GCPE. the corresponding improvement in redox peak current values of Sn-CeO 2 NPs could be attributed to faster electron transfer kinetics and larger electroactive surface area of Sn-CeO 2 NPs. In order to conrm this, the active surface area of each electrode could be calculated based on the Randles-Sevcik equation:
where n is the value of electron transfer (n ¼ 1), A is the active electrode area, D is the diffusion coefficient (7. Fig. 4A , no cathodic peak was observed on the reverse scan within the investigated potential range (0.0-1.2 V) because its oxidation is an electrochemically irreversible process. In this context DTIC underwent a two-electron irreversible oxidation process in aqueous media. 11 Compared to those obtained at the bare GCPE (2.33 mA), undoped CeO 2 NPs/GCPE (7.01 mA), a fairly larger peak current was obtained at the Sn-CeO 2 NPs/GCPE (24.12 mA). This result suggested that the electron transfer reaction at the Sn-CeO 2 NPs/GCPE is more facile than that at the bare GCPE and undoped CeO 2 NPs/GCPE. The electrocatalytic activity of the modied electrode could be ascribed to the presence of nano-Sn-CeO 2 which enhanced the conductivity, surface area and facilitated the electron transfer between the biomolecules and the electrode surface.
Furthermore, the SWV was performed to obtain better sensitivity because enhanced analytical signals can be achieved by eliminating the non-faradic currents that occur with CV. As can be seen DTIC showed a sharp peak at 932 mV in PBS (pH 4.0) at the Sn-CeO 2 NPs/GCPE, which corresponds to the oxidation of DTIC (Fig. 4B ). The peak current was 45 mA, much larger than that obtained by CV. There is also an enhanced peak current of DTIC at the Sn-CeO 2 NPs/GCPE (Fig. 4B, curve 3 ) as compared to a bare GCPE (Fig. 4B, curve 1 ) and undoped CeO 2 NPs/GCPE (Fig. 4B, curve 2) . The results indicated that the nano-Sn-CeO 2 incorporated GCPE had great enhancement peak current of DTIC, which was due to the excellent characteristics of nano-Sn-CeO 2 such as high chemical stability, high surface area, good electrical conductivity and high optical transparence. So the electron transfer of DTIC on the Sn-CeO 2 NPs/GCPE was greatly enhanced without using electron transfer mediator. It is clear that the increase in oxidation current at the proposed modied electrode can offer a special approach for sensitive electrochemical determination of DTIC in biological uids.
Effect of potential scan rate
The effect of the scan rate on the oxidation peak current and potential was studied in order to estimate the nature of the electrode process occurring at the Sn-CeO 2 NPs/GCPE surface. Fig. 5 presents the cyclic voltammograms of DTIC recorded in PBS of pH 4.0 with scan rate varying from 50 to 500 mV s À1 . The oxidation peak heights were found to increase linearly with scan rate from 50 to 500 mV s À1 . The I P is linearly increased with the square root of scan rate, n 1/2 , in the range of 50-500 mV s
À1
(inset of Fig. 5 ). This indicates that the oxidation process of DTIC in PB solution (pH 4.0) on the nano-Sn-CeO 2 is a diffusion-controlled process. The effect of the potential scan rate on the peak current may be expressed as log(I pa ) vs. log(n), which has a slope of 1.0 for the species conned to the electrode surface, or 0.5 for the diffusion controlled system. The dependence of log(I pa ) vs. log(n) can be expressed by the equation: log I P (mA) ¼ 0.65 log n (mV s À1 ) + 0.11 (R 2 ¼ 0.9977) (Fig. S2 †) .
The value of the slope conrms that the process is diffusioncontrolled. Moreover, the peak potential shied to more positive values on increasing the scan rate, which conrms the irreversibility of the oxidation process, and a linear relationship between E P and log n in the range from 50 to 500 mV s À1 (Fig. S3 †) which can be expressed as:
According to the Laviron theory for an adsorption controlled and totally irreversible electrode process, 36 E P is dened by the following equation.
where a is the transfer coefficient, k s is the heterogeneous electron transfer rate constant, n is the number of electrons transferred, n is the scan rate, and E is the formal redox potential. Other symbols have their usual meanings. Thus value of an can be easily calculated from the slope of E P vs. log n. In this system, the slope was found to be 0.024 taking T ¼ 298 K, R ¼ 8.314 J K À1 mol À1 , and F ¼ 96480 C mol À1 , the an was calculated to be 1.069. The value of a can be calculated as: 
where E P/2 is the potential when the current is at half the peak value. From this, we obtained the value of a to be 0.54 for SnCeO 2 NPs/GCPE. So, the number of electrons (n) transferred in the electrooxidation of DTIC was calculated to be 1.979 z 2 that value is in good agreement with the value reported in the literature. 11 The value of k s can be determined from the intercept of the previous plot if the value of an and E are known. The value of E can be obtained from the intercept of E P vs. n curve by extrapolating to the vertical axis at n ¼ 0 V s À1 . Thus, using this information and eqn (1) ) is the area of the electrode, G is the surface concentration of the electroactive substance, DTIC, and n (V s À1 ) is the scan rate. The surface concentration (G) of DTIC on the Sn-CeO 2 NPs/ GCPE was estimated to be 6.25 Â 10 À10 mol cm À2 , which was larger than 6.04 Â 10 À11 mol cm À2 on GCPE. These values imply that the presence of Sn-CeO 2 increases the surface area of the electrode, which in turn increases the G of DTIC.
Optimization of the amount of modier (5% SnCeO 2 NPs)
The effect of the amount of 5% Sn-CeO 2 NPs within the glassy carbon paste electrode on the voltammetric response was evaluated by changing mass ratio of Sn-CeO 2 NPs to glassy carbon microspheres in the glassy carbon paste (Fig. S4 †) . The oxidation peak current of DTIC increases with the increasing of amount of modier because the concentration of Sn-CeO 2 NPs on the surface of the modied electrode increases correspondingly (Fig. 6) . However, when the amount of nano-Sn-CeO 2 reaches 10% (w/w) (nano-Sn-CeO 2 /glassy carbon paste), the peak current reaches its maximum. Aer this point, any continuing increase in the amount of modier causes a decrease in the peak current, due to the decrease of the conductivity of the modied electrode. Thus electrode composition of 10% (w/w) nano-Sn-CeO 2 , 75% (w/w) glassy carbon microspheres and 15% (w/w) paraffin oil was used for further experiments. 
Optimization of pH
The effect of pH on the SWV responses of DTIC on Sn-CeO 2 /GCPE was investigated in the pH range from 3 to 8.0 (Fig. 7) . It can be clearly observed that the peak current and potential towards the oxidation of DTIC are closely related to the pH value of the supporting electrolyte. It was found that the oxidation peak potential of DTIC shied toward less positive potential values with increase in the pH (Fig. S5 †) . This suggests the involvement of protons in the oxidation process. Based on the results obtained, over the studied pH range, a linear relationship was obtained between E P and pH (Fig. S5 †) 
999). A comparison
between the obtained slope of À0.057 V pH À1 and the theoretical slope of À0.059m/n V pH À1 (m and n being the numbers of protons and electrons, respectively) conrms that equal numbers of protons and electrons participate in the oxidation procedure. According to the overall electrode reaction, 11 two electrons and two protons were involved in the DCIT oxidation. The height of the peak reached a maximum and the shape of the curve is better in PBS at pH 4.0 (pK a ¼ 4.42)
38 than other buffers. This supporting electrolyte was chosen with respect to sharp response and better peak shape for the construction of calibration curve and for determination of DTIC in standard solution and in biological samples.
Square-wave pulse parameters
The optimum conditions for the SWV were recognized by measuring the current dependence on the instrumental parameters counting pulse height, frequency and scan increment. SW voltammograms of 1.14 mM DTIC in PBS of pH 4.0 onto the Sn-CeO 2 NPs/GCPE were recorded at various pulse parameters (frequency; f ¼ 20-120 Hz, scan increment; DE s ¼ 2-10 mV and pulse height; DE a ¼ 20-80 mV). The better developed voltammetric peak was obtained under the following pulse parameters: f ¼ 120 Hz, DE s ¼ 6 mV and DE a ¼ 35 mV pp using Sn-CeO 2 NPs/GCPE. These parameters reect SWVs of high sensitivity and best peak morphology.
Square wave voltammetric determination of DTIC concentration
Under optimum conditions, square wave voltammograms are recorded at the Sn-CeO 2 NPs/GCPE to determine the limit detection (LOD) of DTIC. Fig. 8A shows the typical SWV of different concentrations of DTIC at the modied electrode. It was found that the anodic peak current increased linearly with increasing the concentration of DTIC (Fig. 8B) . A linear dynamic range of 6.40 Â 10 À8 to 6.69 Â 10 À6 M DTIC was obtained following its concentration onto the modied electrode by adsorption accumulation for 10 s at 0.0 V. The analytical results are summarized in Table 2 . In this context the sensitivity of the proposed sensor was found to be of 361.43 mA mM À1 cm À2 . The LOD was calculated using the relation kSDa/b, where k ¼ 3, SDa is the standard deviation of the intercept and b is the slope of the calibration plot. The LOD value was found to be 3.79 Â 10 À9 M DTIC (0.690 ng mL À1 ), which conrmed good sensitivity of the proposed sensor. This concentration detection limit of DTIC (3.79 Â 10 À9 M) is very low in compared with the values reported by other reported methods. 6, 11 This wide linear range and low detection limit can be attributed to the effect of the SnCeO 2 NPs, which provides a large specic area to increase the loading amount of DTIC. Meanwhile, the electron transfer to the electrode surface can be accelerated and the electrochemical signal is amplied due to the outstanding electric conductivity of the Sn-CeO 2 NPs/GCPE. Thus, the proposed method could be effectively used for the determination of DTIC in commercial samples. 
Interference studies
In order to evaluate the selectivity of the proposed method for the determination of DTIC, the inuence of potentially interfering substances on the determination of this compound was investigated using SWV at the Sn-CeO 2 NPs/GCPE. The tolerance limit for interfering species was considered as the maximum concentration of foreign species that caused a relative error less than AE5% for determination of 1.18 mM DTIC under the optimized conditions. For 1.18 mM of DTIC, the result showed that over 200 fold excess of ascorbic acid, uric acid, alanine, cysteine, glucose, citric acid, uracil and serine did not interfere with DTIC response (Table S1 †). The results obtained show recoveries in the range from 97.88 to 102.17 for 1.18 mM of DTIC solution, indicating that there were no important matrix interferences for the samples by the proposed SWV method using Sn-CeO 2 NPs/GCPE. From these results, it may be concluded that the method is free from interference by most coexisting substances and shows promising properties for use in real samples.
Stability and reproducibility of the electrode
The Sn-CeO 2 NPs/GCPE was stable, even aer 45 days if it preserved in a closed container. Daily recording the SWV of 3.2 Â 10 À7 M of DTIC checked the stability of the proposed modied electrode; the electrode retained 98.55% of its initial peak current response with a standard deviation of 1.32%. This shows the long-term stability of the Sn-CeO 2 NPs/GCPE. In order to evaluate the accuracy and precision of the proposed method the analysis of DTIC at three levels of low, moderate and high concentrations of the calibration curve was carried out in ve independent series at the same day (intra-day) and performed at same levels on ve different days (inter-day). The results obtained for intra-day and inter-day precision and accuracy are presented in Table 3 . As can be seen, the RSD values of the measurements were not greater than 1.80% and 2.75% for intra-day and inter-day determinations, respectively, and the accuracy of determination was not different from added values by more than 3.33%. Also the recovery of DTIC was found to be between 96.67% and 101.69%. These results conrm the good precision and accuracy of the proposed method. This indicates that the Sn-CeO 2 NPs/GCPE has a good repeatability. 3.12. Applications of the Sn-CeO 2 NPs/GCPE in real sample analysis
The analysis of DTIC in real samples is crucial for clinical applications using the proposed sensor probe. The practical applicability of the optimized sensor was successfully applied to the quantication of DTIC in a number of real samples such as human serum, human urine ( Fig. S6 and S7 †) and pharmaceutical vial (Fig. S8 †) . For this purpose, the real samples were prepared as described in the Experimental section (Section 2). To check the accuracy of the procedure, the samples were spiked with known and different amounts of DTIC. The aliquots of these prepared samples were analyzed in ve times (n ¼ 5) according to the recommended procedures. A linear dynamic range of 7.60 Â 10 À8 to 6.59 Â 10 À6 M DTIC (for serum sample) and of 6.90 Â 10 À8 to 5.31 Â 10 À6 M DTIC (for urine sample) were obtained and the analytical results are tabulated in Table 2 . The recoveries in serum and urine samples were found to lie in the range from 96.77% to 103.12% (Table S2 †) . The results obtained suggest that the proposed voltammetric sensor based on the Sn-CeO 2 NPs/GCPE is reliable and free from the matrix interferences in the analysis of human serum and urine samples. The practical analytical utility of the Sn-CeO 2 NPs/GCPE was also illustrated by the determination of DTIC in pharmaceutical products (Fig. S8 †) . The standard addition method was applied in this analysis, and the results are listed in Table S3 . † The recovery of the spiked samples ranged between 98.00% and 100.40%, indicating that the fabricated sensor could be efficiently used for the determination of DTIC in pharmaceutical samples.
Conclusions
In this work, Sn doped CeO 2 nanoparticles were successfully synthesized and further employed to fabricate Sn-CeO 2 NPs/ GCPE for the rst time. Characterization data of synthesized Sn-CeO 2 NPs by XRD, EDX and TEM conrmed that the Sn replaces Ce site and that the crystal structure of CeO 2 was retained as rutile phase up to the maximum loading of 5 wt% Sn. The fabricated electrode was successfully used to study the electrochemical behavior of DTIC. The Sn-CeO 2 NPs/GCPE exhibited an excellent electrocatalytic activity towards the oxidation of DTIC. The Sn-CeO 2 NPs/GCPE offers a good, reliable and simple method for the selective determination of DTIC in phosphate buffer solution of pH 4.0. The Sn-CeO 2 NPs/GCPE not only shied the oxidation potential of DTIC towards less positive potential but also enhanced its oxidation current when compared to undoped CeO 2 modied and bare GC electrodes. The fabricated electrochemical sensor exhibits good selectivity, a wide linear range, lower detection limit, high sensitivity, storage stability and acceptable reproducibility. In addition, the Sn-CeO 2 NPs/GCPE was demonstrated to be useful for the detection of DTIC in pharmaceutical and human biological samples with good accuracy and precision. All these advantageous features make the proposed Sn-CeO 2 NPs/GCPE sensor successfully applied for the determination of DTIC in the clinical samples, which can be used to diagnose the health condition of patients.
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